Nozzle blockage is a major problem during continuous casting of Al-containing steel. Herein, we analyzed the thermodynamic equilibrium behavior between aluminum and oxygen in steel at 1873 K (1600°C) [Al] further increases from 0.1 to 1.0 wt pct. Hence, a method of inclusion control for highaluminum steel without traditional Ca treatment technology was proposed based on the thermodynamic analysis. Industrial tests confirmed that low-melting point Ca-aluminate inclusions were observed typically through a slag washing with SiO 2 -minimized high-basicity slag during tapping, accompanied by two-step Al-adding process for production of high-aluminum steel. Moreover, there was no nozzle clogging occurred for five heats of continuous casting.
I. INTRODUCTION
ALUMINUM is usually used for melt deoxidation in the secondary refining of steel owing to its high deoxidation efficiency. Nozzle clogging can occur because of the adherence of solid Al 2 O 3 inclusions, formed during deoxidation, to the inner wall of the immersion nozzle. This nozzle clogging can disturb the mold flow, which affects the bloom surface quality, and in extreme cases, the casting sequence can be interrupted. [1] [2] [3] [4] Al 2 O 3 inclusions in liquid steel can also be absorbed by mold fluxes during continuous casting. Thus, the practical flux may differ significantly from the predetermined flux in terms of its chemical composition and properties. Performance may become worse, ultimately blocking the continuous casting and even cause production accidents. [5, 6] To resolve this, calcium treatment is widely used for Al 2 O 3 inclusions modification in conventional Al-containing steel ([Al] = 0.02 to 0.06 wt pct) to transform solid Al 2 O 3 inclusions into low-melting point Ca-aluminates, which are less harmful to steel properties and increase the castability of steel by minimizing, and ideally eliminating nozzle clogging. [7] [8] [9] [10] Numerous theoretical calculations and practical studies have indicated that the required dissolved [Ca] should be proportional to the dissolved [Al] in steel to obtain liquid Ca-aluminates, and the [wt pct Ca]/[wt pct Al] ratio should be controlled at~0.1. [7, [11] [12] [13] [14] [15] However, for many high-aluminum steels such as 38CrMoAl, transformation induced plasticity steel (TRIP), and twinning induced plasticity steel (TWIP), the dissolved [Al] is above 0.5 wt pct, indicating that the dissolved [Ca] would need to be 0.05 wt pct, which may exceed the solubility of [Ca] in the molten steel, [8, 16] and thus, it may be not feasible to completely transform Al 2 O 3 inclusions to liquid Ca-aluminates for high-aluminum steels by calcium treatment. Besides, during the calcium treatment, higher dissolved [Ca] may also react with dissolved [S] to form solid CaS, which may also cause serious nozzle blockage during casting. [7, [17] [18] [19] [20] [21] Hence, the values of [wt pct S] 3 9 [wt pct Al] 2 must be controlled below~0. 9 9 10 À9 to 5.6 9 10 À9 in order to get liquid Ca-aluminates rather than solid CaS at casting temperature [1823 K (1550°C)], [19, [22] [23] [24] which implies a maximum allowable [S] of~9.7 to 17.8 ppm for a steel containing 1.0 wt pct [Al] . Clearly, it is nearly impossible to obtain liquid Ca-aluminates and avoid the formation of solid CaS by calcium treatment for a steel containing 1.0 wt pct [Al] .
In this study, the thermodynamics between aluminum and oxygen in liquid steel as well as slag and steel equilibrium was discussed, and industrial trials were performed to develop an alternate process for improving the castability of high-aluminum steel 38CrMoAl without calcium treatment. The proposed process incorporates slag washing with SiO 2 -minimized highbasicity slag during tapping, accompanied by two-step Al-adding process and appropriate top-slag refining process, to control the shape of Al 2 O 3 inclusions and thereby create favorable conditions to satisfy the requirement of castability for production of highaluminum steel in the absence of calcium treatment.
II. THERMODYNAMICS OF HIGH-ALUMINUM STEEL

A. Aluminum-Oxygen Equilibrium
Aluminum deoxidation equilibrium is represented by (Reference 25) 
½3
The dependence of the activity coefficient with the concentration in multicomponent systems is expressed using the solute interaction parameters according to Wagner's formalism. [26] log
where j represents the component shown in Table I other than [Al] , and e and r are the first-and secondorder interaction coefficients, respectively, as shown in Tables II [26] and III.
[28] Figure 1 shows the calculated and measured [29] [30] [31] [32] [26] ). Therefore, based on the above thermodynamic analysis, slag washing during the converter tapping, accompanied with two-step Al-adding process and appropriate top-slag refining process, is proposed as a methodology of Al 2 O 3 -inclusion control for high-aluminum steel as an alternative to the conventional calcium-wire-feeding process. During the slag washing, an appropriate amount of Al alloys and slagging agents are added to the ladle in the process of tapping and coupled with bottom-argon blowing, the slagsteel interface expands significantly, resulting in a rapid increase in the number of collisions between the inclusions and emulsified slag droplets. Deoxidization products are captured and absorbed by slag droplets, resulting in the modification, floatation, and removal of inclusions. [34] Just as important, in order to controlling the dissolved [O] of molten steel at a minimum, the dissolved [Al] in steel after tapping is strictly limited at 0.08 to 0.12 wt pct. At this moment, the dissolved [O] in steel is only about 5 to 6 ppm. When the slag-washing products are floating and removing as much as possible at the end of LF station, Al alloys are added for the second time to make~1.0 wt pct dissolved [Al] 
B. Aluminum-Silicon Equilibrium Between Steel and Slag
During the refining process, it is relatively easy for high-aluminum steel to take part in a reoxidation reaction with SiO 2 present in slag. [35] [36] [37] 
The following equation was derived from the study of Reference 25:
Because MgO plays an important role in protecting the furnace lining, it is imperative that the appropriate amount of MgO should be present in the slag (assuming 8 wt pct). For CaO-Al 2 O 3 -SiO 2 -8 wt pct MgO refining slag, the isolines of the mass fractions of dissolved [Al] at 1873 K (1600°C) were calculated using FactSage according to Eq. [6] (Figure 3(a) ). It is clear that it is impossible to inhibit the occurrence of Reaction [6] unless the content of SiO 2 in slag can be reduced to below 1.0 wt pct when the dissolved [Al] ‡0.1 wt pct.
Therefore, the compositions of the final refining slag are designed in a region (light shadow area in Figure 3(b) ) where the mass ratio CaO/Al 2 O 3 (C/A) is~1.2 to 1.5 and the SiO 2 content could be completely ignored, which demonstrated the benefits of preventing reoxidation of molten steel and absorbing the Al 2 O 3 inclusions by reducing the activity of Al 2 O 3 and the melting temperature of slag. [38] However, in the actual smelting process, the reaction of Eq. [6] cannot be inhibited completely, because a certain amount of SiO 2 in slag is unavoidable due to that SiO 2 content of the converter slag is high and raw slag materials may also introduce some SiO 2 into the ladle. Hence, in order to guarantee the effectiveness of Al 2 O 3 -inclusion control, the amount of converter tapping slag must be minimized, and the SiO 2 content in raw slag materials must be strictly restricted.
III. INDUSTRIAL TESTS
A. Industrial Process Description
To verify the effects of slag washing during tapping, accompanied with two-step Al-adding process on Al 2 O 3 control for high-aluminum steel 38CrMoAl, we performed industrial tests under the production process presented in Figure 4 . The typical target composition of this steel grades is shown in Table I .
During production, the deep desulphurization process of molten iron was accomplished at the stage of hot-metal pretreatment, and the resulfurization during the steelmaking and secondary refining processes was inhibited by strictly controlling the compositions and sulfur content of converter slag and refining slag. The RH was employed to lower [H] to £2 ppm, and the LF was used to make up the temperature losses of the RH process.
During tapping, a certain amount of SiO 2 -minimized high-basicity slag (size 5 to 15 mm) (Table IV) and deoxidants were added to the ladle accompanied with bottom-argon blowing, according to the endpoint [O] of the converter and the necessary dissolved [Al] of steel. It should be noted that the necessary dissolved [Al] of steel after tapping was controlled at 0.08 to 0.12 wt pct to minimize the dissolved [O] content. For precisely controlling the refining slag composition within a reasonable range, the amounts of the primary deoxidization products generated, and high-basicity slag charged should be estimated with reasonable accuracy. To lower the melting point and facilitate the melting of highbasicity slag, a certain amount of fluorite was required. In view of the carry-over of converter slag after tapping, some Al-bearing modifier was added to the top slag in the ladle for reducing the FeO and MnO contents. The second addition of Al alloys was implemented at end of LF process to achieve~1.0 wt pct dissolved [Al] of the steel. During the experiment, the steel and top-slag specimens were sampled (Figure 4) .
B. Analysis of Samples
The compositions of the slag specimens were analyzed using an X-ray fluorescence spectrometer. The total oxygen and nitrogen contents [(T [O] ) and ([N]), respectively] in the steel samples were determined using oxygen/nitrogen analyzer. The inclusions were detected and analyzed on the prepared steel samples using SEM-EDS to obtain the values of parameters such as morphology, size, and chemical composition. 
IV. RESULTS AND DISCUSSION
A. Castability of Molten Steel
To reduce the reoxidation and guarantee the castability of steel, instruments such as sealing rings and processes such as stopper argon blowing and other comprehensive containment technology were used in the casting process. The casting conditions of five heats of steel were tracked. We found that the proposed process resulted in steady casting speeds and stopper opening positions, indicating that the casting conditions were controlled. Observation of the immersed nozzle after five heats of continuous casting ( Figure 5 ) showed small amounts of oxides adhered to the nozzle wall. Thus, it would be feasible to extend to more than five heats of continuous casting by the slag washing during tapping, accompanied with two-step Al-adding process without calcium treatment.
B. Slag Composition
The change of top-slag composition of thirty-four heats with different locations is shown in Figure 6 . As shown in Figure 6 (a),~10.0 wt pct SiO 2 was contained in converter final slag. After tapping, the SiO 2 concentration in the top slag decreased to~5 wt pct as a result of dilution with SiO 2 -minimized high-basicity slag charged during tapping, inclusions formed in deoxidization process, and some reduction of SiO 2 by dissolved [Al] in the steel. The SiO 2 content in refining slag dropped sharply to~1.0 wt pct through LF treatment, which agrees with our calculated results (Figure 3(a) ). The average mass C/A ratios ( Figure 6(b) ) in the top slags decreased from~1.35 to~1.25 by RH treatment. In addition,~5.0 to 10.0 wt pct MgO and negligible amounts of impurities such as FeO, MnO, and P 2 O 5 were also present in the top slags after LF and RH treatments. Clearly, both of the slags were basically located in the light shadow area, as shown in Figure 3(b) .
C. T[O] and [N]
The T [O] and [N] of six heats at different locations are shown in Figure 7 . It is evident that the average T[O] decreases gradually from 23.4 ppm before LF treatment to 17.7 ppm and 11.2 ppm after LF and RH treatments, respectively, to 9.6 ppm at tundish, and finally to 10.1 ppm in the casting bloom. In addition, the average [N] in steel decreased by vacuum degassing, while it increased slightly in the bloom.
It 1873 K (1600°C) by assuming that thermodynamic equilibrium were attained among slag, steel, and inclusions during RH treatment, where the mass C/A ratios in slag (7.5 wt pct MgO) were in 1. 
D. Effect of Slag Washing on Inclusion Control
The morphology and size of typical inclusions observed in each steel sample are shown in Figure 8 , where about forty to sixty oxide inclusions are analyzed for each sample. During BOF tapping, appropriate amount Al and high-basicity slag were added to the molten steel accompanied with bottom-argon blowing. Subsequently, globular shaped Ca-aluminates between 3CaOAEAl 2 O 3 (C 3 A) and 12CaOAE7Al 2 O 3 (C 12 A 7 ) with homogeneous composition were detected typically in liquid steel after tapping, and some of them contained very small amount of MgO (less than 3 wt pct) (Figure 8(BL1) to (BL3) ), which might result from the following conditions:
(1) Direct reaction between high-basicity slag and Al 2 O 3 inclusion during slag washing because of the good thermodynamic and dynamic conditions. [39, 40] 
It has been reported that the Gibbs free energy of the reaction of Eq. [8] showed significant negative values and they decreased by the order of CaOAEAl 2 O 3 (CA), C 3 A, and C 12 A 7 within the steelmaking-temperature ranges, expressing that it was possible to form lower melting point Ca-aluminates from the perspective of the thermodynamics. [41, 42] Lind et al. [10, 39, 43] investigated the mechanism and kinetics of reactions between solid CaO and Al 2 O 3 in the absence of molten steel at 1873 K (1600°C), proving that the chemical reaction between Al 2 O 3 and CaO was the rate-controlling step; even then, solid CaO and Al 2 O 3 could be completely liquidized to liquid Caaluminates within 2 to 3 min. Many investigations [44] [45] [46] [47] [48] [49] have been carried out for the dissolution of Al 2 O 3 in slag, demonstrating that the dissolution rate of Al 2 O 3 particle decreased with increasing Al 2 O 3 content in slag due to that the driving force of Al 2 O 3 dissolution decreased. In addition, the addition of small amounts of MgO and CaF 2 could result in significant increase of the dissolution rate owing to that the viscosity of slag decreased so as to increase diffusion coefficient, while the existence of SiO 2 could lead to an opposite result. [49] Also, temperature had a greatly positive influence on Al 2 O 3 dissolution. [48, 49] And finally, the boundary layer diffusion inside the slag phase was the rate limiting step of the dissolution process, which was suggested. [44] [45] [46] [47] Valdez et al. [50] also measured the dissolution kinetics of Al 2 O 3 particle with 120 l diameter in ladle slag by direct observation of the dissolution process through the confocal scanning laser microscope and found that the inclusion dissolution time in slag was only dozens of seconds but was significantly longer than the separation times of Al 2 O 3 at the interface (<5 seconds). Therefore, as long as slag chemistries are designed to avoid saturation, large Al 2 O 3 particle should easily be absorbed. Obviously, the slag used during tapping in present study, which has high CaO content, some MgO and CaF 2 contents, and low SiO 2 and Al 2 O 3 contents (Table IV) , was very fit for the dissolution of Al 2 O 3 inclusion. At the same time, the boundary layer diffusion inside the slag phase as the rate-controlling step could not be a big problem because perfect dynamic conditions could be produced by slag washing during tapping. [34] (2) MgO and CaO in high-basicity slag could be simultaneously reduced by dissolved [Al] to supply dissolved [Mg] and [Ca] into the molten steel. [4, 51, 52] 
The equilibrium constant of the above reaction was obtained by the combination of the studies. [25, 53] log K AlÀMg ¼ À33:41 þ 49900=T; ½10
The following equation was derived from the studies of references. [25, 54] log K AlÀCa ¼ À30:44þ42340=T: ½12
Thus, Al 2 O 3 inclusions, which formed as soon as aluminum was added to molten steel, were reacted with dissolved [Mg] due to its higher activity than dissolved [Ca] in the melt, leading to the formation of MgOAEAl 2 O 3 (MA) inclusions. [4, 51] 
½13
The equilibrium constant of the above reaction was obtained from the literature. [25, 53, 55] log K MgÀAl ¼ 34:37 À 46950=T: ½14
The isolines of a [Mg] and a [Ca] between CaO-Al 2 O 3 -MgO slag and steel at 1873 K (1600°C) were calculated using FactSage on the basis of Eqs. [9] and [11] (Figure 9 ), where the dissolved [Al] after slag washing was assumed at 0.1 wt pct. The refining slag compositions are shown as a shadow area on the phase diagram, where the SiO 2 content in the topslag is ignored because only 1.0 wt pct SiO 2 could be rested at equilibrium. As can be seen, the equilibrium values of a [Mg] and a [Ca] arẽ 50 9 10 -4 and~23 9 10 À4 , respectively. A recent study conducted by Fujii et al. [56] revealed the variation of activity of MA in the solid solution region (Figure 10(a) ) as a function of composition. In Eq. [13] , the activity of MA was taken as 0. 
½15
The equilibrium constant was obtained from the combination of references. [53, 54] log K CaÀMg ¼ À0:99 þ 2520=T: ½16
In Eq. [15] , the activity of MgO was taken as 0.45 for C 3 A and 0.26 for C 12 A 7 because of the small content of MgO (assuming 3 wt pct) in the Ca-aluminates observed immediately after slag washing, and the activity of CaO in C 3 A as 0.98 and that of C 12 A 7 as 0.47 ( Figure 10(b) ). Consequently, the Gibbs free energy for Eq. [15] was estimated as 11.47 kJ/mol for C 3 A and 8.57 kJ/mol for C 12 A 7 , showing that the MA could not be modified to C 3 A or C 12 A 7 inclusions with MgO content less than 3 wt pct by the indirect supply of dissolved [Ca] via slag.
Therefore, it could be speculated that only the direct reaction between SiO 2 -minimized high-basicity slag and Al 2 O 3 (case 1 above) could be the reason for the formation of Ca-aluminates observed immediately after slag washing in the process of high-aluminum steel.
As shown in Figure 8 (AL) to (AR), compared with the Ca-aluminates after slag washing, the MgO content in inclusions obtained though the LF and RH treatments increased a little, possibly due to that some Table I . [56] ; (b) Activities of CaO and MgO in Ca-aluminates calculated using FactSage 6.3 at 1873 K (1600°C).
dissolved [Mg] in liquid steel, which came from the reduction of MgO in slag by dissolved [Al] , entered into the inclusions. [4, 51] However, much detailed work was still needed to quantitatively discuss. In casting billet sample, some Ca-aluminates associated with CaS were detected, owing to the decrease of solubilities of dissolved [Ca] and [S] in Ca-aluminates during the cooling of steel. [8] Consequently, though the adoption of above proposed methodology, not only the primary Al 2 O 3 formed during tapping can be modified and removed mostly, but also the precipitation of second Al 2 O 3 during cooling from the deoxidation temperature to the liquidus temperature can be avoided. As a result of these benefits, the desired continuous castability of highaluminum steel is achieved.
V. CONCLUSIONS
The thermodynamics between aluminum and oxygen in liquid steel with high-aluminum content as well as slag and steel equilibrium was investigated. And the effect of the slag washing during tapping, accompanied with two-step Al-adding process and appropriate topslag refining process on inclusion control in the process of 38CrMoAl steel production, was studied, and the following conclusions were drawn: steel and slag, and SiO 2 content in top slag was reduced to only~1.0 wt pct during the refining process of high-aluminum steel. 3. Low-melting point Ca-aluminates after slag washing were observed typically, and MgO content in these Ca-aluminates after the LF and RH treatments increased a little. 4. Industrial tests show that there was no nozzle clogging occurred for five heats of continuous casting without Ca treatment.
